The biological clock in the suprachiasmatic nucleus (SCN) of the hypothalamus plays a well-defined role in regulating melatonin production by the pineal. Emerging evidence indicates that melatonin itself can feed back upon the SCN and thereby influence circadian functions. Melatonin administration has been shown to entrain activity rhythms in rodents and humans. Melatonin binds specifically within the SCN and alters SCN physiology by both acute and clock-resetting mechanisms. The circadian clock in the SCN appears to temporally restrict its own sensitivity to melatonin, such that physiological sensitivity is greatest in the subjective dusk period
Introduction
Melatonin production is regulated by a multisynaptic pathway from the biological clock in the hypothalamic suprachiasmatic nucleus (SCN) to the pineal gland (cf. [27] , for review). Efferents from the SCN transmit two types of regulatory signals to the pineal. One is a permissive signal that originates within the circadian clock: it restricts melatonin synthesis to the nocturnal phase of the circadian cycle and coordinates timing of the circadian rhythm of melatonin production [15, 16, 33, 40] . The second is an inhibitory signal: incidental light exposure during the night acutely interrupts the rhythm of melatonin synthesis [12, 20, 34] . Retinal afferents to the SCN provide this check on melatonin production during inappropriate light stimuli by a mechanism that antagonizes circadian regulation of the hormone's synthesis. Thus, the SCN is the primary site for both generation and integration of signals that regulate melatonin production by the pineal. Control at this central point ensures that melatonin synthesis is appro-priately timed to coincide with both nighttime and darkness.
Accumulating evidence suggests that melatonin can itself regulate the SCN. Support for such a regulatory role comes from a variety of sources. It includes evidence that: (1) altering peripheral melatonin levels can affect behavioral rhythms; (2) specific binding of melatonin analogues at SCN sites shows circadian rhythmicity; (3) melatonin administration can acutely change SCN physiology; and (4) melatonin can directly reset the SCN circadian clock at functionally significant times. Data supporting these points will be considered in turn.
Effects of altered peripheral melatonin profiles on circadian rhythms
Studies in which melatonin was administered peripherally first suggested that melatonin might interact with the circadian timing system: the pattern and timing of melatonin injection determined the effect on behavioral rhythms. Daily intraperitoneal injection of supraphysiological concentrations of melatonin into rats in constant darkness entrained locomotory activity only if treatment directly preceded activity onset, which normally occurs at the beginning of the dark phase (night) in light-dark cycles [2, 31] . At this subjective day-night transition point, melatonin caused daily activity bouts to recur with a fixed phase relation to the time of injection. When the relation between the timing of single injections was assessed against subsequent phasing of behavioral rhythms, melatonin administration at CT 10 (roughly 22 h after activity-onset in these rats free-running in constant darkness) induced permanent phase advance of locomotor rhythms [1] . Melatonin was largely ineffective at other times tested, although report of a responder to a predawn injection [l] suggests that sensitivity of the circadian system to melatonin might reappear shortly before dawn. More recently, peripheral melatonin administration has been found to phase shift activity cycles of mouse [5] and man [18, 20] at points in the late day and late night.
Further evidence that melatonin might feedback upon the SCN was provided by studies of pinealectomized rodents, in which peripheral melatonin is effectively abolished. While pinealectomy itself did not affect behavioral circadian rhythms [29] , these animals entrained to a reversed lighting cycle more rapidly than those with the pineal system intact [7, 30] . As light is the most potent entraining signal known, it is surprising that the efficacy of light increases in the absence of circulating melatonin. Also, intrinsic SCN neuronal rhythms appeared to damp in pinealectomized animals [35] .
Circadian changes in SCN binding of melatonin analogues
The possibility that melatonin might cause these effects on behavioral rhythms by direct actions upon the SCN was strengthened by reports that the SCN expresses significant levels of melatonin receptors (cf. [5] , for review). Although melatonin is transported widely throughout the brain and body, via the cerebrospinal fluid and blood, surprisingly few putative melatonin receptors have been identified in brain. Among the limited sites in rodent and human brain that bind the highly specific ligand 2-[125I]-iodomelatonin [6] is the SCN [29, 39] . Other biogenic amines (serotonin, dopamine, norepinephrine) do not compete for 2-[125I] -iodomelatonin binding sites [5] , nor do they elicit the biological effects of melatonin [6, 39] .
2-[~25I]-Iodomelatonin binding within the SCN has been reported to change over the circadian cycle of rats reared in a 12-h light 12-h dark cycle [8, 17, 38, 41] . The pattern of 2-[~zsI]-iodomelatonin binding, measured either by quantitative autoradiography or radioreceptor binding, oscillated with a circadian rhythm; highest binding appeared during the period surrounding the day-to-night transition [8, 38, 41] (however, see [17] ). Whether sensitivity to 2-[~2sI]-iodomelatonin binding is regulated by the light-dark cycle or the circadian clock could not be determined from these studies. Nevertheless, the timing of high binding has a significant phase relation to the nocturnal peak in pineal melatonin content. Pineal melatonin production peaked in the middle of the 12-h dark period, while the maximum binding of 2-[125I] -iodomelatonin by SCN preceded this by several hours. This offset in timing of the two profiles suggests that the circadian change in binding is not triggered by exposure of the SCN to melatonin.
Circadian changes in acute responses of SCN physiology to melatonin
A range of physiological studies have suggested that melatonin binding leads to a functional change in the SCN. Energy utilization, monitored as 2-deoxy[14C] glucose uptake by SCN cells, was assessed 45 rain after melatonin injection at 5 points across the circadian cycle of rats in constant darkness [3] . Highly significant damping of glucose utilization was observed after stimulation in late subjective daytime (CT 6 and 10), whereas a modest, but significant, enhancement was observed in the subjective predawn period (CT 22). More recently, intraperitoneal melatonin injections that preceded subjective dawn (CT 23), but not at other times including subjective predusk of rats continuously in the dark, were reported to induce immunoreactivity for the immediate-early gene product, Fos, in SCN [ 14] .
The acute response of SCN neurons in brain slices to melatonin has been assessed in rat and hamster [ 21, 22, 36, 37 ] . These reports agree that direct melatonin application to SCN neurons can alter their firing rate. This effect is related to the circadian phase of treatment: during late day to early night, melatonin application specifically inhibited neuronal firing, whereas there was no response at the other times tested.
Circadian changes in the sensitivity of SCN rhythms to phase-shifting by melatonin
The strongest evidence for a direct action of melatonin on the SCN biological clock has been demonstrated by our studies of phase-shifting by melatonin of intrinsic SCN rhythms in vitro. We took advantage of the ability of the SCN to survive removal from the brain into a 5001am thick coronal slice of hypothalamic tissue. Although isolated in this island of tissue in vitro, the SCN continues to generate near 24-h oscillations in the ensemble of neuronal electrical activities (Fig. 1A) [ 10]. This rhythm is measured by brief, random samplings of extracellular activities of individual neurons longitudinally over the circadian cycle. From these activities, we derive the running average of firing rate of the population of SCN neurons. In the unperturbed slice, activity peaks at CT 7, seven hours into subjective day of the entrained lighting cycle, and at a time like that measured in vivo [13] . This peak is an easily discernable measure of Circadian "lime (h) Fig. 1 . Circadian rhythm in spontaneous firing rate of SCN neurons measured in the suprachiasmatic brain slice. The running 2-h mean of extracellular activity of the neuronal population is plotted against circadian time (CT) of the entrained lighting cycle of the brain-slice donor. CT 0 represents 'dawn' for the SCN clock, and thus is subjective dawn. A. The unperturbed rhythm for a brain slice prepared at CT 1.5 exhibits the typical sinusoidal pattern over the 20h measured in this experiment. Activity is generally high in the subjective day (CT 0-12), and low in subjective night (CT 12-24, marked by the dark horizontal bar). Activity peaks at CT 7, marked by the dashed line; this peak is used to mark the phase of the rhythm, B. A phase-advancing stimulus, such as melatonin application at CT 10, can shift the peak so that it appears at CT 3, four hours earlier than the peak in control slices treated with medium only (CT 7). Such a phase shift of the peak of the rhythm appears on the day after melatonin treatment and can be measured over two circadian cycles after treatment.
phase 1, 9] . Because the tissue is under constant conditions in the brain-slice chamber, this circadian rhythm of neuronal activity is generated by the SCN's biological clock. This stable 24-h rhythm continues spontaneously for at least 3 days in a minimal salt solution supplemented only with bicarbonate and glucose [28] . In this simple preparation, responses to pharmacological agents applied directly to the SCN can be assessed unambiguously against the normally invariant basal rhythm. Application of 1 nM of melatonin, which is near physiological concentrations [19] , directly to the SCN in this brain-slice preparation can reset the neuronal circadian rhythms [23] . When the medium in the brainslice chamber is replaced between CT 10 and CT i 1 by a warmed, oxygenated melatonin solution, the time-ofpeak, and thus the phase of the rhythm, on the next day in vitro is advanced by 4 h (Fig. 1B) . The peak appears near CT 3 on both days 2 and 3 after treatment on day 1 in vitro. Thus, the phase-advancing effect of melatonin is rapid and permanent: it is completed within the 24-h period post-treatment, after which time the rhythm continues with the new phase.
The unusual aspect of SCN sensitivity to phaseshifting by melatonin is its tight temporal restrictions within the circadian cycle . Melatonin application in subjective mid-day or mid-night was without effect on SCN rhythms. However, when the SCN was exposed to melatonin during the period surrounding dusk of the entrained lighting cycle (CT 10-14), robust phase advances of 2-4 h occurred in subsequent neuronal rhythms (Fig. 2) 1-23] . Preliminary evidence suggests that surrounding subjective dawn (CT 23-1), the SCN enters a second state of sensitivity to melatonin: melatonin application within this window also induced phase advances of up to 4 h [24] .
These effects of melatonin on the SCN circadian clock are specific. Phase advances were also induced at CT 10 by 2-[125I]-iodomelatonin [23] . However, application of other neurochemicals [ 11 ] , including serotonin [25] , neuropeptide Y [26] and glutamate [4] , at this time did not induce the same pattern of phase shifts as melatonin. The melatonin-sensitive periods appear to bracket the transition points in the entrained lighting cycle. The transition from melatonin-insensitivity to -sensitivity occurs with an orderly progression, despite the lack of exposure to melatonin in the brain-slice chamber.
Conclusions
A remarkable feature of the emerging story of melatonin action is the consistency of the responses of the circadian system to this neurohormone. Despite the range of levels of analysis (organismic, systems and cellular), and the diversity of application procedures (from intraperitoneal injection to brain-slice bath) and assessment techniques (phase changes in locomotory rhythms, physiological changes in SCN metabolism in vivo, or acute and circadian changes in SCN neuronal activity in vitro), common features are apparent. Perhaps surprisingly, the SCN itself seems to undergo periodic bouts of sensitivity to melatonin near dusk and dawn. At these times, melatonin administration can adjust the phasing of the circadian clock and system. The periods of SCN sensitivity to melatonin are distinct from SCN sensitivity to a number of other neuroactive agents [ 11 ] . They are periods during which exposure to melatonin would be minimal during the 12-h light-12-h dark cycle of laboratory animals, so sensitivity is unlikely to be a reflection of this aspect of the experimental protocol. Rather, the data suggest that melatonin production may intersect with SCN sensitivity only periodically. During long nights, melatonin production extends into previously crepuscular periods [32] . At these times, melatonin could close a feedback loop, regulating phasing of the circadian clock that itself times melatonin production.
